Background/Objective: Early insulin secretion following a meal is representative for normal physiology and may depend on meal composition. To compare the effects of a fat-rich and a carbohydrate-rich mixed meal on insulinogenic index as a measure of early insulin secretion in normoglycemic women (NGM) and in women with type 2 diabetes mellitus (DM2), and to assess the relationship of anthropometric and metabolic factors with insulinogenic index. Subjects/Methods: Postmenopausal women, 76 with NGM and 64 with DM2, received a fat-rich meal and a carbohydrate-rich meal on separate occasions. Early insulin response was estimated as insulinogenic index (Winsulin 0-30 min /Wglucose 0À30 min ) for each meal. Associations of fasting and postprandial triglycerides, body mass index, waist and hip circumference and alanine aminotransferase with insulinogenic indices were determined. Results: Women with NGM present with higher insulinogenic index than women with DM2. The insulinogenic index following the fat-rich meal (WI 30 /WG 30 (fat)) was higher than the index following the carbohydrate-rich meal (WI 30 /WG 30 (CH)) (Po0.05 in women with DM2, and not significant in women with NGM). In women with DM2, homeostasis model assessment for insulin resistance was positively associated with WI 30 /WG 30 (CH). In women with NGM, waist circumference was independently and inversely associated with WI 30 /WG 30 (fat) and with WI 30 /WG 30 (CH); hip circumference was positively associated with WI 30 /WG 30 (fat). Conclusions: The insulinogenic index following the fat-rich meal was higher than following the isocaloric carbohydrate-rich meal, which might favorably affect postprandial glucose excursions, especially in women with DM2. The association between a larger waist circumference and a lower meal-induced insulinogenic index in women with NGM requires further mechanistic studies.
Introduction
Insulin resistance and a decline in b-cell function contribute to the development of type 2 diabetes mellitus (DM2) (Weyer et al., 1999; Festa et al., 2006) . Especially impairment of firstphase insulin secretion as measured by an intravenous glucose tolerance test has been shown to be predictive for the development of DM2 (Weyer et al., 1999; Festa et al., 2006) . However, this first-phase insulin response and a biphasic shape are not identifiable in plasma samples of physiological circumstances (that is, following oral glucose ingestion or a meal) (Grodsky, 1972; Caumo and Luzi, 2004) . Therefore, following a meal, the insulinogenic index (Winsulin 0-30 min /Wglucose 0À30 min ) can be used as an estimate of early insulin secretion (Seltzer et al., 1967) , which is relevant for the control of postprandial glucose concentrations (Del Prato, 2003) . The insulin response to an oral load is partly determined by secretion of incretins and by the rate of gastric emptying (Tura et al., 2006) . In addition, meal composition affects these metabolic mechanisms (Gentilcore et al., 2006) . For these reasons, a mixed meal-induced b-cell response is more representative for normal physiology than an oral glucose load. To our knowledge, no studies assessed differences in early insulin secretion induced by ingestion of isocaloric meals of different composition in persons with DM2.
Factors affecting first-phase insulin secretion, include genetic factors and various environmental and metabolic factors, like in utero environment, diet high in saturated fat, obesity, body fat distribution, weight gain and elevated free fatty acid (FFA) concentrations (Pratley and Weyer, 2001) .
In the present study, which includes postmenopausal women with normal glucose metabolism (NGM) and DM2, we addressed the question whether isocaloric meals of different composition induced different glucose and insulin responses, expressed as the insulinogenic index. In addition, we aimed to assess the determinants of the insulinogenic index.
Methods

Study population
The study population of the Hoorn prandial study has been described in detail previously (Alssema et al., 2007) . In brief, women with DM2 were randomly selected from the registry of the Diabetes Care System in the city of Hoorn, the Netherlands, and women with NGM were randomly selected from the municipal registry of Hoorn. All women were between 50 and 65 years of age, were postmenopausal (no menses for at least 1 year), nonsmokers, had no untreated endocrine disorder other than DM2, did not use peroxisome proliferator-activated receptor-a and/or -g agonists, oral corticosteroids or hormone replacement therapy. Women who were selected from the municipal registry underwent an oral glucose tolerance test (OGTT) to verify their glucose tolerance status (fasting glucose o6.1 mmol l À1 and 2-h postload glucose o7.8 mmol l
À1
; Alberti and Zimmet 1998). Women with DM2 were excluded if they had HbA1c 49.0%. For the present analysis, women who used insulin were also excluded. Finally, 76 women with NGM and 64 women with DM2 were included. All women gave written informed consent and the study was approved by the ethics committee of the VU University Medical Center.
Study protocol
On the first visit, fasting blood samples were drawn after a 12-h overnight fast. Weight and height were measured twice in barefooted participants wearing light clothes only. Body mass index (BMI) was calculated as weight (in kg) divided by the square of height (in m). Waist circumference was measured twice at the level midway between the lowest rib margin and the iliac crest, and hip circumference was measured at the widest level over the greater trochanters. Medical history and medication were assessed by a questionnaire (Mooy et al., 1995) .
On the second and the third visits, participants received either a fat-rich meal or a carbohydrate-rich meal after a 12-h overnight fast, in random order. Blood samples were taken before (t ¼ 0) and at t ¼ 30, 60, 120 and 240 min after ingestion of the test meal. The nutrient composition of the meals was calculated from the Dutch Nutrient Database (Voorlichtingsbureau voor de Voeding, 2001 ). The fat-rich meals consisted of two croissants, 10 g of butter, 40 g of fatrich cheese and 300 ml of fat-rich milk (3.3 MJ; 50 g fat; 56 g carbohydrates and 28 g proteins). The carbohydrate-rich meals consisted of two slices of bread, 25 g of marmalade, 30 g of cooked chicken breast, 50 g of ginger bread and 300 ml of drinkable yogurt enriched with 45 g sugars (3.3 MJ; 4 g fat, 162 g carbohydrates and 22 g proteins).
Laboratory analysis All laboratory analyses were carried out at the VU University Medical Center in Amsterdam, the Netherlands. Blood samples were immediately centrifuged at 3000 g for 10 min and divided into aliquots. After that, insulin samples were frozen at À80 1C and glucose and triglyceride samples were frozen at À20 1C. Specific insulin concentration at t ¼ 0, 30, 60, 120 and 240 was measured in serum by an immunometric assay in which proinsulin does not cross-react (Advia Centaur, Bayer Diagnostics, Mijdrecht, The Netherlands). Plasma glucose concentrations at t ¼ 0, 30, 60, 120 and 240 were determined with a glucose hexokinase method (Glucoquant, Roche Diagnostics, Mannheim, Germany). Plasma triglyceride concentration at t ¼ 0, 60, 120 and 240 was measured by an enzymatic colorimetric assay (Roche Diagnostics). Alanine aminotransferase (ALT) enzyme activity was determined in heparin plasma at the day of blood sampling, by an enzymatic assay (Roche Diagnostics) according to the method proposed by the International Federation of Clinical Chemistry and Laboratory Medicine (Bergmeyer et al., 1986) .
Statistical analyses
Analyses were carried out in SPSS 12.0.1 for Windows (SPSS Inc., Chicago, IL, USA). Differences between participants with NGM and DM2 were tested with t-test. Differences between meals were tested with a paired samples t-test.
The insulinogenic index following the carbohydrate-rich meal (WI 30 /WG 30 (CH)) and following the fat-rich meal (WI 30 /WG 30 (fat)) was calculated by dividing the increment in insulin at t ¼ 30 by the increment in glucose at t ¼ 30 (Seltzer et al., 1967 Mean postprandial insulin, glucose and triglyceride (total and incremental area under the curve (tAUC and iAUC)) was calculated by the trapezium rule and divided by 4 (hours) (Matthews et al., 1990) . Insulin resistance was estimated by homeostasis model assessment (HOMA-IR; Matthews et al., 1985) . To study the possible associations with insulinogenic index, we carried out linear regression analysis for lntransformed insulinogenic indices with fasting and postprandial triglycerides, BMI, waist and hip circumference and ALT. Since age and HOMA-IR are strong determinants of insulin secretion (Kahn, 2003) , we adjusted for these variables and for use of statin medication (model 1). In an additional model (model 2), we included variables that had a strong association with WI 30 /WG 30 (fat) and/or WI 30 /WG 30 (CH) in model 1 and adjusted these variables for age, HOMA-IR, use of statin medication and for each other. We tested for possible interactions with DM2 and use of statin medication by calculating the P-values of the interaction terms. We considered a two-sided P-value o0.05 to indicate statistical significance. For interaction terms, we considered Po0.10 statistically significant.
Results
Characteristics of the study population are presented in Table 1 . In Figure 1 , glucose and insulin responses following the carbohydrate-rich and the fat-rich meal are shown. Glucose and insulin iAUC following the carbohydrate-rich meal were higher than after ingestion of the fat-rich meal (both, Po0.01).
WI 30 /WG 30 (CH) and WI 30 /WG 30 (fat) were significantly lower in DM2 as compared to NGM women (Figure 2) . When comparing the indices of different meals, WI 30 /WG 30 (fat) tended to be higher than WI 30 /WG 30 (CH) in both groups, but the difference is statistically significant in women with DM2 only (Figure 2 ).
Since the associations between nearly all potential determinants (all except age) and one or both insulinogenic indices differed between women with NGM and DM2 (P-value for interaction term o0.10), we performed regression analysis for NGM and DM2 study groups separately. Two interactions were found with use of statin medication (Table 2) 
Additional analyses
To explore the possible relation between insulinogenic index and the subsequent postprandial glucose concentrations, we calculated Pearson's correlation coefficients with ln-transformed insulinogenic indices. In women with NGM, after both the fat-rich and the carbohydrate-rich meals, insulinogenic index was inversely correlated with glucose concentrations at t ¼ 120 (r ¼ À0.52 and r ¼ À0.42, both Po0.05, fat-rich and carbohydrate-rich meals, respectively), but not at t ¼ 240 (r ¼ À0.17, and r ¼ À0.22, both not significant, for fat-rich and carbohydrate-rich meals, respectively). In DM2, an inverse correlation between insulinogenic index and glucose concentrations was present at t ¼ 120 (r ¼ À0.43 and r ¼ À0.56, both Po0.05, fat-rich and 
Discussion
In the present study, we compared b-cell responses to two isocaloric meals of different composition in women with NGM and DM2. Following both meals, women with NGM had 4-to 6-fold higher insulinogenic index as compared to women with DM2. The insulinogenic index following the fat-rich meal tended to be higher than following the carbohydrate-rich meal in both groups, but especially in women with DM2. Furthermore, in women with NGM, waist circumference was independently associated with a lower insulinogenic index. Insulin secretion cannot be considered without taking insulin sensitivity into account. Insulin secretion and insulin sensitivity are tightly interrelated in healthy persons; such that the insulin response in insulin-resistant persons is higher than in insulin-sensitive persons (Kahn, 2003) . The relationship has been described by a hyperbolic function that suggests that insulin sensitivity Â insulin secretion ( ¼ disposition index) is constant (Kahn et al., 1993) . Given the fact that disposition index reflects glucose tolerance status rather than b-cell function (Mari et al., 2005) , we chose not to use (WI 30 /WG 30 )/HOMA-IR as an estimate of disposition index, but to use WI 30 /WG 30 as outcome variable and to adjust the regression models for HOMA-IR. In agreement with the described hyperbolic function, we found a positive linear relationship between WI 30 /WG 30 and HOMA-IR in women with DM2 when both variables were ln-transformed before analysis (Table 2 ). This illustrates the stimulatory effect of insulin resistance on insulin secretion, not being sufficient to maintain normoglycemia in DM2. In contrast, no clear association between WI 30 /WG 30 and HOMA-IR was present in women with NGM, which is probably the result of a low intraindividual variability in HOMA-IR in these women. 
Meal-induced insulin secretion
The postprandial blood glucose and insulin responses highly depend on type and amount of carbohydrates in a meal. The postprandial glycemic response can be quantified by the amount of carbohydrates and the glycemic index of a meal (Jenkins et al., 1981) . Both the amount of carbohydrates and the glycemic index were higher for the carbohydrate-rich meal as compared to the fat-rich meal (glycemic index data not shown), which partly explains the higher glucose responses following the carbohydrate-rich meal. The meal composition-related differences in insulinogenic index were more pronounced in DM2 as compared to NGM women. Therefore, we suggest that the lower insulinogenic index after the carbohydrate-rich meal as compared to the fat-rich meal is possibly the result of b-cell insensitivity to the high glucose concentrations, a well-described characteristic of DM2. Besides the amount of carbohydrates, the amount of fat and protein might have affected early insulin secretion. It has previously been demonstrated that ingestion of fat before a carbohydrate-rich meal decreases the rate of gastric emptying, resulting in lower glucose and insulin responses (Gentilcore et al., 2006) , although another study showed that adding fat to a carbohydrate meal reduced glucose, but not insulin responses (MacIntosh et al., 2003) . It is also well established that proteins can enhance insulin secretion (Nuttall et al., 1984; Krezowski et al., 1986 ) the magnitude of the effect being dependent on their amino-acid composition (van Loon et al., 2000) . The difference in protein content between the fat-rich and the carbohydrate-rich meal was small (28 versus 22 g), but the type of proteins may have differently affected the insulin response. However, in the present study, we chose to apply mixed meals to mimic normal physiology. This made it impossible to distinguish separate effects of micro-or macronutrients on insulin secretion.
The higher insulinogenic index following the fat-rich meal was, as expected (Del Prato and Tiengo, 2001) , inversely associated with the glucose concentration later following the meal. As previously suggested by Gannon and colleagues, changing meal composition in patients with DM2 might be an opportunity to improve postprandial hyperglycemia (Gannon and Nuttall, 2006) . However, it is of importance to consider other metabolic effects of a fat-or protein-rich diet besides hyperglycemia.
Associations with insulinogenic index
Waist circumference, reflecting visceral fat, was independently associated with a lower early insulin response in women with NGM, irrespective of the meal composition. Visceral fat accumulation is accompanied by a higher lipolytic rate and flux of FFA in the portal circulation (Raz et al., 2005) . A higher availability of FFA may result in ectopic Meal composition and early insulin secretion M Alssema et al triglyceride accumulation, for example, in liver, muscle and pancreas, leading to insulin resistance and diminished b-cell function. Several studies in humans have shown that insulin secretion is inhibited after chronic exposure to FFA (Paolisso et al., 1995; Carpentier et al., 1999 Carpentier et al., , 2003 . Some observations support the hypothesis that the adverse effects of lipids on insulin secretion only occur in the presence of hyperglycemia, also referred to as glucolipotoxicity (Prentki and Corkey, 1996; Poitout and Robertson, 2002; Robertson et al., 2004) . Despite this hypothesis, in the present study, we found an association between waist circumference and diminished early insulin secretion in women with NGM, and only weakly in women with DM2. In agreement with this, changes in b-cell function due to elevation of FFA have previously been shown in nondiabetic individuals, while no effect was seen in individuals with DM2 (Carpentier et al., 2000) . The authors argued that accounting for differences in insulin sensitivity would result in an inverse relationship between FFA and insulin secretion in DM2 patients. We adjusted the regression models for HOMA-IR, which did not result in an inverse relation between waist circumference and insulin secretion. Instead, we found that HOMA-IR was the most important determinant for the early insulin response in the present well-controlled patients with DM2. An alternative pathway for the association between waist circumference and decreased insulin secretion is by chronic low-grade inflammation due to so-called adipocyte-derived adipocytokines, as for example tumor necrosis factor-a (Eldor and Raz, 2006) . The antiinflammatory effect of statins is well known and might have reduced inflammation (Deans and Sattar, 2006) . In the present data, the lack of association between waist circumference and insulinogenic index in women with DM2 who use statin medication might reflect this effect.
Limitations
Although the insulinogenic index derived from an OGTT (Nijpels et al., 1994) and a meal (Pratley and Weyer, 2001) correlates with first-phase insulin secretion measured with the hyperglycemic clamp, the insulinogenic index is not analogous to insulin secretion measured by the hyperglycemic clamp (Steil et al., 2004) . The insulinogenic index following a meal is dependent on the meal-induced release of incretins in the gut and the rate of gastric emptying (Nauck et al., 1997) . Therefore, the insulinogenic index may be considered as an important representative for normal physiology.
Sulfonylureas enhance insulin secretion in patients with DM2. This might have resulted in an augmented early insulin secretion in these patients (Owens et al., 2000) . Indeed, patients with DM2 who used sulfonylureas had slightly higher insulinogenic indices (data not shown). This difference did however not affect our data on differences in insulinogenic indices between meals and on insulinogenic index-related variables.
Because of the cross-sectional study design, we cannot assess the true effect of, for example, chronic exposure to triglycerides on early insulin secretion. Furthermore, FFAs were not measured in the present study, which limits our ability to interpret our data in the context of the lipotoxicity model. Finally, the two standardized meals differed in both fat and carbohydrate contents, which limits our conclusions about the separate effects of the meal components on b-cell response. However, by using the insulinogenic index, glucose increments are accounted for.
Conclusion
In conclusion, in the present study, the higher insulinogenic index following the fat-rich meal compared to the isocaloric carbohydrate-rich meal may contribute to a more favorable postprandial glycemic response especially in women with DM2. The inverse association between waist circumference and meal-related insulinogenic index in women with NGM warrants further mechanistic studies.
